High-speed penetration into non-homogenous (layered) targets is studied using approximate models. Ballistic performance of two threedimensional conical impactors or thin impactors with the same longitudinal contours manufactured from the same material and having the same lengths of nose and cylindrical part is compared. It is demonstrated that when the ballistic performance of one of the impactors is better in penetrating a reference homogenous or non-homogenous shield then the same property remains valid for any other shield. ᭧
Introduction
As a rigorous analytical theory is not feasible at present, simplified models are widely used in investigating and modeling of penetration of high-speed impactors into nonhomogeneous (layered) targets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The addressed problems include comparison of ballistic properties of monolithic, spaced and laminated targets [2] [3] [4] [8] [9] [10] [11] , determining the structure of optimum multi-layered shields [1, 4, 7, 11, 12] and optimum shape of the impactor [5] . Qualitative laws which are determined using the approximate models can be very useful as a basis for further theoretical and experimental investigations. In this study we employed a localized impactor-shield interaction approach [13] [14] which was allowed to describe the effect of the shape of the impactor on the characteristics of penetration. Using this approach it was found that the relative efficiency of some types of the impactors does not depend upon the properties of the shield.
Model description
Consider a high speed normal penetration of a threedimensional rigid sharp impactor into a shield. The notations are shown in Fig. 1 . The coordinate h, the depth of the penetration, is defined as the distance of the nose of the impactor from the top surface of the shield. We assume that the shape of the impactor is such that the total force acting on it is directed along the h-axis. The cylindrical coordinates are associated with the impactor. We consider impactors having the shape, which is determined by the following equation:
where R0 0; R1 1; h0 h2p 1; hu Յ 1, the dimensionless functions R and h determine the longitudinal contour and the cross-sectional contours (circle, ellipse, polygon, etc.), respectively. Hereafter symbol y for any variable y denotes y/L where L is the length of the nose part of the impactor, which interacts with the shield. The impactor can have also a cylindrical part with the length l. The part of the lateral surface of the nose of the impactor between the cross-sections x x 1 and x x 2 interacts with the shield where
if the shield has a finite total thickness b and
in the case of semi-infinite target. We assume that the impactor-target interaction at a given location at the nose of the impactor, which is in contact with the shield, can be represented by the following equation
where dF is the force acting at the surface element dS of the impactor along the inner normal unit vectorñ 0 at a given location at the nose of the impactor,ṽ 0 is the unit local velocity vector, b is the angle between the unit vectorñ 0 and the unit vector Ϫṽ 0 , the function V determines the particular model for an impactor-shield interaction, the positive parameters a 1 and a 2 depend on the properties of the material of the shield.
Eq. (4) with constant parameters a 1 and a 2 comprises most of the known phenomenological models for homogenous shields manufactured from ductile and some other materials [13] [14] . The first and the second terms in the expression for dF represent the inertial pressure and the distortion pressure, respectively. We consider a more general case of a non-homogeneous shield when the parameters a i are functions of the coordinate j (see Fig. 1 ). A target consisting of N layers with thicknesses d 1 d 2 ,…,d N (d N ∞ for a semi-infinite shield) which are in contact and do not interact represents the important application of this generalized model whereby the formula for the coefficients a I (i 1,2) for the jth layer reads:
The total forceF is determined by integrating the local force over the impactor-target contact surface. Equation of impactor's motion in the direction of h-axis reads (for details see, e.g., [5] )
where
where an impactor's velocity v is considered to be a function of h, V and g are volume and density of the impactor, respectively. The ballistic limit velocity v * is defined as the initial velocity of the impactor required for it to emerge from a shield of finite thickness b with a zero velocity, i.e. v b ϩ 1 0 and v0 v * . In the case of a semi-infinite shield the maximum depth of penetration h * for the initial velocity v 0 corresponds to the velocity of the impactor equals zero, i.e.,v h * 0 and v0 v 0 . Solutions of Eq. (6) for the cases of the ballistic limit velocity and the 
Three-dimensional conical impactors
For conical bodies R x x and Eqs. (7)- (9) yield: 
In a case of a shield with a finite thickness, for given w 1 ; w 2 ; b; Eqs. (10) and (16) allow to determine a ballistic limit velocity as a function of a parameter K, i.e., to determine the dependence v * (K). Similarly, for given w 1 ; w 2 ; v 0 ; we determine a function h * K. As w 1 Ͼ 0; w 2 Ͼ 0; vK and h * K are increasing and decreasing functions of the parameter K, respectively [15] .
Let us consider two impactors with the same values of g , L, and l (but different, in a general case, h(u ) and t ) penetrating into the same shield with a finite thickness. Assume that v b are different for this shield, they are the same for both impactors, as K (1) and K (2) assume the same values. As v * (K) is an increasing function, v case of penetration into a shield with a finite thickness and a case of penetration into a semi-infinite shield. As the ''quality'' factor K is the same in both cases, an impactor which performs better in penetrating a finite thickness shield, is superior also in penetrating a semi-infinite shield and vice versa. Let us consider two three-dimensional conical impactors manufactured from the same material and having the same lengths of noses and cylindrical part (the length of the cylindrical part may equal zero). Let the ballistic limit velocity of the first impactor be lower than the ballistic limit velocity of the second impactor for some reference shield with a finite thickness, or the first impactor penetrates at a larger depth into a semi-infinite shield for some impact velocity. Note that it is proved that both these properties imply each other. Then this advantage in the ballistic limit velocity of the first impactor is retained for every shield with a finite thickness, and for the same initial velocity the first impactor penetrates to a greater depth into every semiinfinite shield.
Non-conical thin three-dimensional impactors
Consider now the following form of function V that appears in Eq. (4) which includes most of the known models [13] [14] ) in the expression for the ballistic limit velocity yield the following formula:
Eqs. (19) and (20) show that the ballistic limit velocity for a ''very thin'' impactor is independent of the shape of its cross section and depends on the material properties of the shield only through the average valueã 2 of the parameter a 2 . It is interesting to note that Eqs. (19) and (20) imply the Bethe's formula [15] generalized for 3D impactors and nonhomogenous targets: 
Concluding remarks
Penetration by three-dimensional conical impactors or thin impactors with the same longitudinal contours manufactured from the same material and having the same lengths of nose and cylindrical part, is investigated. It is showed that the superiority in the ballistic performance of one of the impactors in a reference homogenous or nonhomogenous shield with a finite thickness or a semi-infinite shield implies a superiority of its performance in any other shield. Certainly, experimental investigations are required in order to determine the range of the validity of these results that were obtained using approximate models.
